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We investigate theoretially and experimentally the stati magneti properties of single rystals of
the moleular-based Single-Chain Magnet (SCM) of formula [Dy(hfa)3NIT(C6H4OPh)℄∞ ompris-
ing alternating Dy
3+
and organi radials. The magneti molar suseptibility χM displays a strong
angular variation for sample rotations around two diretions perpendiular to the hain axis. A
peuliar inversion between maxima and minima in the angular dependene of χM ours on inreas-
ing temperature. Using information regarding the monomeri building blok as well as an ab initio
estimation of the magneti anisotropy of the Dy
3+
ion, this anisotropy inversion phenomenon an
be assigned to weak one-dimensional ferromagnetism along the hain axis. This indiates that an-
tiferromagneti next-nearest-neighbor interations between Dy
3+
ions dominate, despite the large
Dy-Dy separation, over the nearest-neighbor interations between the radials and the Dy
3+
ions.
Measurements of the eld dependene of the magnetization, both along and perpendiularly to
the hain, and of the angular dependene of χM in a strong magneti eld onrm suh an inter-
pretation. Transfer matrix simulations of the experimental measurements are performed using a
lassial one-dimensional spin model with antiferromagneti Heisenberg exhange interation and
non-ollinear uniaxial single-ion anisotropies favoring a anted antiferromagneti spin arrangement,
with a net magneti moment along the hain axis. The ne agreement obtained with experimental
data provides estimates of the Hamiltonian parameters, essential for further study of the dynamis
of rare-earths based moleular hains.
PACS numbers: 75.50.Xx,75.30.Gw,75.30.Cr,75.10.Pq
I. INTRODUCTION
For many years, one-dimensional (1D) magneti sys-
tems have been intensively studied owing to their sim-
pliity. A number of sophistiated theoretial predi-
tions have been experimentally veried as, for exam-
ple, Haldane's onjeture for Heisenberg antiferromag-
nets with integer spin
1
, Villain's mode for quasi-Ising
s = 1/2 antiferromagnets2, the ontribution of solitons
to thermodynami properties for easy-plane ferro-
3
and
antiferromagneti
4
systems with an in-plane symmetry-
breaking magneti eld (or anisotropy). Quasi-1D om-
pounds, obtained by the moleular syntheti approah
5,6
,
now allow the experimental investigation of dynami
phenomena that had been theoretially predited some
deades ago
7
. Suh systems have been named Single-
Chain Magnets (SCM's)
8,9
, by analogy with Single-
Moleule Magnets (SMM's)
10
, sine they show magneti
hysteresis with no evidene of 3D magneti ordering but
rather due to slow dynamis of the magnetization of a
pure 1D harater. It was shown
9,11
that the relax-
ation towards thermodynami equilibrium in these sys-
tems is driven by thermally ativated single-spin ips,
desribed in rst approximation by the stohasti theory
developed by Glauber
7
for the ferromagneti 1D Ising
model. The eet of introduing non-magneti impuri-
ties in the hain was investigated
12,13,14
, too. The rst
system showing SCM behavior was the quasi-1D moleu-
lar ompound of formula [Co(hfa)2NITPhOMe℄∞,where
hfa is hexauoroaetylaetonate, NITPhOMe is the
nitronyl-nitroxide radial 2-PhOMe-4,4,5,5-tetramethyl-
4,5-dihydro-1H-imidazolyl-1-oxil-3-oxide
15
. The repeat-
ing unit of suh moleular hains is formed by two dier-
ent magneti enters, a M
II
(hfa)2 moiety ontaining a
metal (in the present ase Co
II
), and a radial moiety that
bridges the metals. The properties of this lass of mag-
neti polymers an then be tuned, with dierent eets,
by rationally hanging either the metal or the radial
moieties. In the rih eld that has stemmed from this rst
observation, several other ompounds presenting SCM
behavior have been synthesized
16,17,18,19,20,21,22,23,24
, and
evidenes of quantum eets aeting the magnetization
dynamis at low temperatures have also been reported
25
.
A one-dimensional hystereti behavior of the magnetiza-
tion was identied also in dierent non-moleular stru-
tures, suh as atomi Co nanowires of nite length, de-
2orating the steps of viinal Pt(997) surfaes
26
.
In general, to observe Glauber dynamis, two require-
ments are neessary: (i) a strong Ising-like anisotropy
and (ii) a very low ratio of interhain/intrahain mag-
neti exhange interations, in order for slow dynam-
is to be observed above the transition temperature to
3D magneti ordering. In the framework of moleular
engineering, quasi-1D hains in whih the metal enter
is a rare-earth (RE) ion are very appealing andidates
to observe a large variety of phenomena, as RE's are
haraterized by very dierent magneti anisotropies
27
.
One limiting ase is onstituted by moleular-based
quasi-1D ompounds of formula [(Gd)(hfa)3NITR℄∞
(where NITR is 2-R-4,4,5,5-tetramethyl-4,5-dihydro-1H-
imidazolyl-1-oxil-3-oxide, and R is ethyl (Et), isopropyl
(iPr), methyl (Me), or phenyl (Ph)), where the Gd(III)
ions are magnetially isotropi. In these systems heli-
magneti behavior ould be evidened, due to ompeting
magneti interations between nearest neighboring (NN)
and next-nearest neighboring (NNN) spin sites. When R
= Et, Villain's onjeture
28
of a two-step magneti or-
dering to a low temperature helial 3D phase, through
an intermediate hiral spin liquid 3D phase, was on-
rmed (the two transitions ourring at 1.88 K and 2.19
K, respetively)
29
. When passing from isotropi Gd to
Dy, whih presents a strong Ising-like anisotropy, a tran-
sition to 3D magneti order ourring at 4.4 K an be
observed in [Dy(hfa)3NITEt℄∞
30,31
. However, using a
bulkier NIT(C6H4OPh) radial
32
inreases the distane
between hains, so that SCM behaviour is observed with
no evidene of any 3D magneti order down to the lowest
investigated temperature (1.7 K). The two requirements
(i) and (ii), neessary to observe Glauber dynamis, are
thus fullled in [Dy(hfa)3NIT(C6H4OPh)℄∞. Consis-
tently, the relaxation time τ was found32 to follow an
Arrhenius law τ = τ0e
∆
kBT
. In order to fully under-
stand the rih dynamis of these quasi-1D systems
32,33
,
in partiular the role played by NNN interations, a
modelization of the stati properties is neessary. In
this paper, an aurate experimental study of the an-
gular dependene of the single-rystal magnetization
of [Dy(hfa)3NIT(C6H4OPh)℄∞, ombined with ab ini-
tio estimation of the magneti anisotropy of the Dy
3+
ions, is presented. The stati magneti properties of
the hain system are simulated by means of a lassial
transfer matrix alulation, formulated for a 1D Heisen-
berg model with antiferromagneti exhange oupling
and non-ollinear, loal anisotropy axes. Fine agreement
with experimental data as a funtion of rystal orien-
tation, temperature and magneti eld is obtained and
the Hamiltonian parameters an then be estimated. The
dominant role of NNN magneti interations of these
moleular strutures, despite the large Dy-Dy separation,
is learly demonstrated. These ndings are expeted to
be extremely important to target novel SCM dynamis in
moleular ompounds, and to rationalize the SCM behav-
ior of [Dy(hfa)3NIT(C6H4OPh)℄∞ and the related lass
of ompounds
33
. In partiular, as the role of natural and
indued defets is substantially dierent when ompeting
NN and NNN interations are present, this situation an
lead to the observation of dierent dynami regimes in
addition to the already known ones.
II. CRYSTAL STRUCTURE AND AB INITIO
CALCULATIONS
Reently we investigated in detail a monomeri om-
pound of formula Dy(hfa)3(NITR)2 where the metal
ion is oordinated to the oxygen atoms of two dierent
radials
34
, like in the hain. In fat, we suggest that the
monomer an be onsidered as a building blok of the
hain. Using angle-resolved magnetometry, the mole-
ular magneti suseptibility tensor of the monomeri
derivative has been reonstruted, revealing an exep-
tionally large Ising-type magneti anisotropy of the Dy
3+
ion
34
. This tehnique also provides the orientation of
the prinipal magneti axes of the monomer; the Ising
axis turns out to lie in between the two radials, almost
along the binary axis of the approximate 2 symmetry of
the moleule. Moreover, the experimental ndings niely
agree with ab initio alulations within a. 7
◦
deviation
between the experimental and theoretial diretions of
the magnetization easy-axis.
Here, we apply the same quantum hemistry
method(CASSCF/RASSI-SO
35
), using the MOLCAS-
7.0 pakage
36
, in order to obtain the single-ion
easy-anisotropy axes of the Dy
3+
ions in the
[Dy(hfa)
3
NIT(C6H4OPh)℄∞ hain ompound. In
this multi-ongurational approah relativisti eets
are treated in two steps, both based on the Douglas-
Kroll Hamiltonian
37
. Salar terms are inluded in the
basis set generation and are used to determine spin-free
wavefuntions and energies, through the use of Complete
Ative Spae Self Consistent Field (CASSCF) method.
Then, Spin-Orbit oupling is treated with a Restrited
Ative Spae State Interation omputation (RASSI-
SO), whih uses the CASSCF wavefuntions as the basis
states. By using the resulting eigenstates of the previous
method, the gyromagneti tensor of the ground doublet
Kramer's state an be omputed and diagonalized in
order to obtain the three main anisotropy axes and the
gyromagneti values along those axes (gx, gy and gz).
Computations are performed in a quantum luster
model onsidering a Dy
3+
ion and its surrounding ligand
moleules, i.e. three hfa and two NIT radials, using
the geometry determined by the X-ray struture analy-
sis. In this luster model several modiations have been
introdued in order to redue the large omputational
time: the uorides in the hfa ligands have been replaed
by H atoms, the NIT(C6H4OPh) radials have been re-
plaed by NIT(C6H5), and H atoms have been added to
the external oxygen atoms of the radials transforming
them in lose-shell moleules, and therefore reduing the
ative spae of the CASSCF alulations. Despite the
previous modelization, the quantum luster would still
3Table I: Ab initio-alulated energies of the eight doublets
of the
6
H
15/2
multiplet of the Dy
3+
ions in the oordination
environment determined from the rystallographi struture.
doublet E0 E1 E2 E3 E4 E5 E6 E7
Energy (K) 0 58.3 84.6 125.9 164.9 238.4 328.9 591.0
require a large omputational time due to its size. There-
fore a Cholesky deomposition tehnique
38
, reently im-
plemented in the MOLCAS pakage, is used to overome
problems arising from the large size of the two-eletrons
integral matrix.
All the atoms were represented by basis sets of atomi
natural orbitals from the ANO-RCC library as imple-
mented in the MOLCAS-7.0 quantum hemistry pakage
and the following ontrations were used: [8s7p4d3f2g℄
for Dy, [3s2p℄ for O, C and N, and [2s℄ for H. The
CASSCF ative spae onsisted on the Dy 4f orbitals,
ontaining 9 eletrons in 7 orbitals. The previous ab ini-
tio omputation in the monomeri ompound showed a
minor role of the quadruplets and the doublets CASSCF
states in the Spin Orbit oupling eet on the energy
levels of the
6
H
15/2
ground multiplet. Therefore, only
the three sextets,
6
H,
6
F and
6
P, have been omputed in
three dierent CASSCF state average alulations, one
for eah of the sextets. The 21 resulting CASSCF states
were introdued in a RASSI-SO state interation in order
to ompute the eet of the Spin-Orbit oupling. The
omputed energies of the
6
H
15/2
multiplet are listed in
Table I.
The gyromagneti fators for the ground doublet have
also been evaluated and found to be gx=0.3, gy=0.7, and
gz=18.7. The omputed single-ion anisotropy axis al-
most oinides with a binary axis in the idealized sym-
metry of the DyO
8
polyhedron, similarly to what ob-
served for the monomer. The easy axis forms an an-
gle θ of a. 80o with respet to the b rystallographi
axis (along the hain axis), whereas the projetion of the
single-ion anisotropy axis in the ac plane (perpendiular
to the hain axis) forms an angle φ of a. 50◦ with the a
axis. Compared to the trilini monomer, here the situa-
tion is ompliated by the fat that the hain rystallizes
in the P212121 spae group (N
o
19), Z= 4, with three two-
fold srew axes as symmetry elements. The asymmetri
unit ontains one Dy
3+
ion, and onsequently all dyspro-
sium atoms are symmetry related. When superimposing
the Ising axis of the Dy
3+
ion on the hain, its symmetry
elements generate a anted struture as depited in Fig.
1a. In Fig. 1b, a view along the hain diretion (the rys-
tallographi b axis) of the rystal paking of the hains is
reported. As a onsequene of this rystal paking, even
if the hains are struturally all equivalent, they are dif-
ferently oriented from the magneti point of view. Two
types of hains (A and B) are related by a 21 two-fold
srew axis (in the ac plane), while eah of these hains
is generated by its own 21 axis (along b). When analyz-
ing the magneti behavior of the hain, we thus have to
a) b)
A chain
B chain
a
b
a
c
Z
X
Figure 1: (olor online) a) Representation of the Ising axes
of the Dy
3+
ion, as gathered from ab initio alulations and
superimposed on the hain in the ab plane. b) View along
the b rystallographi axis of the rystal paking, showing the
two symmetry related types of hains. The orientation of the
X and Z axes in the a plane is also represented (the Y axis
oinides with b).
onsider not only the anted struture generated by the
alternate inlination of the Ising axes with respet to the
hain diretion, b, but also the two families of hains (A
and B), whose projetions on the ac plane of the easy
axis of the Dy
3+
ions form an angle of a. 80
◦
.
III. MAGNETIC MEASUREMENTS
Single-rystal magneti measurements were performed
using a homemade horizontal rotator that allows, after
orientation of the rystal, to measure the magneti sus-
eptibility along and perpendiularly to the hain axis.
The morphology of the rystals, with large (101) and
(101) faes, does not allow to perform rotations along
the prinipal rystallographi axes. We thus dene a
laboratory frame, (X,Y, Z), with Z orresponding to the
normal to the (101) rystal fae, Y = b, and X orthog-
onal to the rst two. The new referene frame is thus
obtained performing a rotation of the rystallographi
frame, (abc), around b (the hain axis), by an angle
α ≈ 49.8o (see Fig. 1b).
In Fig. 2 we show the angular dependene of the ra-
tio M/H between magnetization and eld, from here on
indiated as the molar suseptibility χM , in three orthog-
onal rotations performed at 2.8 K in an external eld of 1
kOe. As expeted for an orthorhombi system, the rys-
tallographi axes orrespond to relative extrema. Two,
out of three rotations, are almost idential, and display
a strong angular dependene of χM , whih has its max-
imum along the hain diretion. The third rotation, the
one around b, shows a very low, angle-independent value
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Figure 2: (olor online) Angular variation of the molar susep-
tibility, χM , for three orthogonal rotations at 2.8 K, measured
in a 1 kOe external eld. Rotations were performed around
X (green irles), b (blue triangles) and Z (red squares).
of χM .
The temperature dependent magneti behavior of
[Dy(hfa)3NIT(C6H4OPh)℄∞ was also investigated.
Measurements were performed in the 2.4-51 K tempera-
ture range, both for the angular variation of χM (Fig. 3)
and for the eld (H) dependene of the magnetizationM
(Fig. 4). If we onsider the rotation around X reported
in Fig. 3(top) for temperatures between 2.4 and 6.5 K,
the maximum of χM is found at 90
o
, thus along the hain,
and the minima at 0o and 180o, i.e. perpendiularly to
the hain. At 8 K, the χM urve has almost no angu-
lar dependene. For temperatures from 9.5 K to 51 K,
the maxima and minima are inverted with respet to the
low temperature urves. This is a quite spetaular and
peuliar feature whih, at rst glane, seems troubling.
However, previous investigations
34,39
give us some hints
to rationalize this result:
• The diretion of the Ising anisotropy of the Dy3+
ion in the monomer
34
is temperature independent
in the temperature range investigated here, thus
the anisotropy rossover observed around 8 K an-
not be attributed solely to an eletroni eet of
the Dy
3+
ions in the hain ompound.
• The projetion of the Ising axes, gathered from
ab initio alulations and the analysis of the
monomeri building blok
34
of the hain struture
suggests that the easy axes are not ollinear.
• The observed behavior (i.e., the anisotropy
inversion) realls the one enountered in
[[Mn(TPP)O2PPh℄·H2O℄∞ (where TPP=meso-
tetraphenylporphyrin), a Mn
III
-based anted
antiferromagneti SCM
39
.
It is interesting to note that similar inversions (at two
dierent temperatures) were observed
40
in the magneti
torque urves of TPP[Fe(P)(CN)2 ℄2, a moleular on-
dutor that an be desribed by a one dimensional
0
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Figure 3: (olor online) (Top) Angular variation of the molar
suseptibility, χM = M/H , for temperature T ranging from
2.4 K (blue) to 51 K (red), measured in an external magneti
eld of 1 kOe. Rotations were performed around the X axis,
with 0o and 180o orresponding to the eld aligned perpendi-
ularly to the hain along -Z and Z, respetively, whereas, at
90o, χM is measured along the hain. Temperature olor map-
ping is desribed on the right part of the gure. Vertial dot
lines are guides to the eyes. (Bottom) Transfer matrix simu-
lation of the angle dependene of χM = M/H (with H = 1
kOe) when rotating around X. The lassial spin Hamilto-
nian, Eq. (1), and the Hamiltonian parameters speied in
Setion IV were used for the alulation. Lines of dierent
olors refer to dierent temperatures.
anisotropi Heisenberg model with antiferromagneti ex-
hange interations.
A senario of a anted AF 1D struture similar to the
one observed in the [Mn(TPP)O2PPh℄·H2O hain
39
re-
quires that, in the alternating Dy-radial hain under
study, the NNN AF interations dominate the NN ones.
To onrm this hypothesis, the eld dependene of the
magnetization was measured. In Fig. 4(top) we report
theM vs H urves reorded along and perpendiularly to
the hain. A very dierent shape of the urve is observed
depending on whether the eld is aligned along the non-
ompensated moment (i.e., along the hain), thus giv-
ing a rapid saturation of the magnetization, or loser to
the ompensated easy axes (i.e., perpendiularly to the
hain), providing a sort of metamagneti transition when
the magneti eld overwhelms the antiferromagneti in-
teration (see Setion IV for quantitative details).
The rapid saturation of the omponent along the hain
observed at 3 K, with a plateau orresponding to a 10000
emu mol
−1
(≈ 1.8µB), is the typial behavior expeted
for a weak ferromagnet (WF) - indeed in this ase a
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Figure 4: (olor online) (Top) Field dependene of the mag-
netization along the hain (full squares) and perpendiular to
the hain (along the Z axis, open irles), for temperature
T ranging from 2.45 K (blue) to 12.85 K (red). The tem-
perature olor mapping is depited on the right. (Bottom)
Transfer matrix simulation of the eld dependene ofM vs H
along the hain diretion (dashed lines) and perpendiular to
it (solid lines) obtained using the lassial spin Hamiltonian,
Eq. (1), and the Hamiltonian parameters speied in Setion
IV. Lines of dierent olors refer to dierent temperatures.
1D WF - along the diretion of the non-ompensated
moments. Perpendiularly to the hain, and more pre-
isely along the Z axis, the magnetization is almost linear
at low eld, but shows a rapid inrease around 15 kOe
and saturation at larger elds, almost 22000 emu mol
−1
(≈ 4.1µB).
Interestingly, the step in the magnetization perpendi-
ular to the hain beomes smoother when temperature is
inreased, and nally disappears for temperatures above
10 K, when the weak AF interation beomes negligi-
ble and the anisotropy of the sample is driven by the
single-ion anisotropy of the Dy
3+
. When the eld is
applied along the hain diretion, i.e. the diretion of
the non-ompensated moment, a more regular behavior
is observed, as the initial suseptibility monotonously de-
reases with inreasing temperatures.
This feature sheds some light on the quite unique
behavior of the whole family of lanthanide-based
SCM's
32,33
. Magnetization urves reorded on the 4f -
based SCM family always display steps at relatively high
eld, and a trend was observed along the lanthanide
series
32,33
. In fat, the position of the step is explained by
the simultaneous presene of an anisotropi enter (pro-
viding the anisotropi anted struture) and of an AF
interation along the hain. Hene, the stronger is the
intrahain magneti interation, the higher is the eld
needed to ompensate this interation, shifting the step
towards higher elds.
This allows onluding that, in the
[Dy(hfa)3NIT(C6H4OPh)℄∞ SCM under study:
• Antiferromagneti interation between Dy3+ ions is
present. Due to this fat, the magnetization om-
ponents perpendiular to the hain diretion anel
out at low temperature and low eld, while they
beome favored at higher temperatures.
• The high temperature hard axis beomes the easy
axis at low temperature beause non-ompensation
of the anted spins ours.
• The anisotropy inversion is visible around 9 K, sug-
gesting a relatively weak intrahain exhange inter-
ations, as expeted in ompounds involving tripos-
itive lanthanides.
If we now ompare the observed magnetization values for
the hain and the monomer derivative, a rst saturation
Msat ≈ 58000 emu mol
−1
(≈ 11µB) has been observed
along the easy-axis of the monomer
34
. At a rst level of
approximation we an neglet the radial ontribution,
whih is muh smaller than that given by the paramag-
neti ions; moreover, the radial sublattie is on itself
experiening AF interations mediated by the lanthanide
ion and is also frustrated due to the sizeable AF NNN in-
teration between Dy
3+
spins (see Setion IV)
34
. This al-
lows providing a rough estimation of the angle, θ, formed
by the easy axis of eah Dy
3+
enter with the hain axis,
b. In fat, omparing the afore-mentioned saturation
value (≈ 58000 emu mol−1) with the rapid saturation one
(≈ 8000 emu·mol−1) reahed when the eld is applied
along the hain, yields θ = cos−1(8000/58000) ≈ 82o.
This value is onsistent with the results of the ab initio
alulations.
As for the magnetization urve measured perpendiu-
larly to the hain, the eld was applied aligned along Z.
Considering the diretion of the loal easy axes predited
by the ab initio alulations (see Fig. 1b), the applied
eld is almost parallel to the projetion of these axes
on the ac plane for type B hains, whereas it is almost
perpendiular to type A hains. For the two symmetry-
related families of hains, A and B, the projetions of the
loal easy axes on the ac plane are almost reiproally
perpendiular but, remarkably, this is a fully aiden-
tal oinidene rather than a symmetry-imposed result.
Therefore, as shematially represented in Fig. 5, the
applied eld an ompete with the AF interation inside
the hain of type B whereas it has no eet on the other
family (A), where Dy3+ spins remain antiferromagneti-
ally oupled. Thus, only one hain type is ontribut-
ing to the magnetization, whih should approah a value
M = (12 )58000 sin θ (that is,M ≈ 28700 emu·mol
−1
), not
very far from the experimental value. Despite the fat
that these gures an be only taken as indiative, given
6a a
c c
chain B chain B
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Figure 5: (olor online) Inuene of an applied magneti eld
in the ac plane on the orientation of the magneti moments
of neighboring Dy ions of the two types of hains (A and B) .
the rough approximation of negleting the radial ontri-
bution, suh saturation values for the magnetization are
in agreement with our predition about the orientation
of the loal easy axes, based on the ab initio alulations.
A further onrmation of the orretness of this hy-
pothesis an be aorded by performing, at low tempera-
ture, a rotation around b (the hain axis) under an exter-
nal eld of 30 kOe: i.e., a eld strong enough to be apa-
ble of distinguishing the dierent projetions of the Ising
axes in the ac plane by overoming the AF interation.
From Fig. 6(top) one an learly see that, ontrarily to
what observed at low eld, χM is now angle dependent,
with a very peuliar behavior with large maxima and a
roughly 90o periodiity. It should be notied that:
• The absolute maxima are observed along the rys-
tallographi axes a and c, and not along the dire-
tions where the projetions of the loal axes fall.
• The data show a seondary periodial struture of
smaller maxima shifted by an angle of a. 45o.
As a nal remark, we notie that the maxima observed in
Fig. 6(top) along a and c are not stritly equivalent, but
the diretion  appears to be favored. In the following
Setion we will show that this feature an be interpreted
as due to a slight (but appreiable) departure from or-
thogonality of the projetion on the ac plane of the loal
easy axis of Dy
3+
ions belonging to the two symmetry-
related hain families, A and B, as indeed predited by
ab initio alulations.
We have also heked the temperature dependene of
the anisotropy when rotating at high eld around the
hain axis, b (see Fig. 7, top). The results show that the
behavior is strongly temperature dependent. Sine in this
temperature range the Dy
3+
anisotropy of the monomeri
onstituent units of the hain does not hange, these data
onrm the key role played by the exhange interation,
suggesting an order of magnitude of the AF interation
of a few Kelvins (see the following Setion for a more
detailed disussion).
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Figure 6: (olor online)(Top) Angular variation of the molar
suseptibility (χM = M/H) for the rotations around the hain
axis b at 2.5 K, measured in a 30 kOe external eld (blue tri-
angles) or in a 1 kOe external eld (blak triangles). (Center)
Transfer matrix simulation of M/H vs Angle at 2.5 K in a
eld of 30 kOe, showing the ontribution from eah hain type
(A and B), as well as their sum. The lassial spin Hamilto-
nian, Eq. (1), and the Hamiltonian parameters speied in
Setion IV were used for the alulation. Perfet orthogonal-
ity 2φ=90o between the projetions on the a plane of the
easy axes of the two hain families A and B was assumed.
(Bottom) Shemati representation of the orresponding spin
ongurations.
IV. THEORY AND DISCUSSION
In order to interpret the measurements of the stati
magneti properties of the hain, we model both A and
B hains with a lassial spin Hamiltonian
H = −
∑
i
{JS(i) · S(i+ 1) +D[Sz′
i
(i)]2
+ µ0
∑
α,β
HαgαβSβ(i)} (1)
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Figure 7: (olor online) (Top) Angular variation of the sus-
eptibility χM = M/H from 2.45 K (blue) to 20.45 K (red)
measured in a 30 kOe external eld. Rotations were per-
formed around the hain axis b as dened in the text. Color
mapping is desribed on the right part of the gure. Solid lines
are guides to the eyes. (Bottom) Transfer matrix simulation
of χM = M/H vs Angle, at seleted temperatures in a eld
of 30 kOe. The lassial spin Hamiltonian, Eq. (1), and the
Hamiltonian parameters speied in Setion IV were used for
the alulation. Notie that, with respet to Fig. 6(enter),
a slight deviation from perfet orthogonality between the two
hain families was assumed, thus aounting for asymmetry
in the height of the major peaks.
where µ0 is the Bohr magneton and α, β = X,Y, Z de-
note Cartesian omponents in the rystallographi frame
(a,b and c), while the subsript z′i denotes the spin om-
ponent along a loal anisotropy axis, varying with lattie
site i. In the sum, only the Dy enters are onsidered
for the reasons given below. The AF exhange intera-
tion (J < 0) is onsidered isotropi, while the anisotropy
is introdued through a single-ion term (D > 0) favor-
ing loal z
′
i axes, whih are dierent for even and odd
sites, and in the Landé tensor (gαβ). In a loal referene
frame, the Landé tensor is assumed to have only diagonal
omponents, g‖ and g⊥ (where parallel and perpendiu-
lar refer to the loal axis z
′
i). Sine the spin Hamilto-
nian (1) is lassial, the spin modulus S does not matter
(its eet an be taken into aount by the parameters
J , D, and g's). For an easy omparison with the al-
ulation performed for the monomer
34
, we will assume
S = 1/2. Notie that the lassial nature of the spins
allows the inlusion of single-ion anisotropy even in this
ase
34
. Conerning the neglet of the radials, we note
that their anisotropy is very low ompared to the Dy
3+
one, and the Dy-radial interation is neessarily frus-
trated, sine the interation between the Dy
3+
ions is
antiferromagneti. As a rst approximation, the system
an thus be onsidered as the superposition of two inde-
pendent one-dimensional magneti latties, one formed
by the Dy
3+
ions (with magneti anisotropy) and the
other by the radials (magnetially isotropi). At low
temperatures, the ontribution of the radial lattie is
expeted to be very small beause of the relatively strong
NNN antiferromagneti interation between radials
34
.
Using a transfer matrix method
41
, the stati magneti
properties of the 1D lassial spin model (1) an be ex-
atly expressed in terms of the eigenvalues and eigen-
vetors of a real, positive-denite matrix (see Appendix
A for details). In this way, starting from ertain values
of the Hamiltonian parameters, we were able to numer-
ially simulate the stati magneti behavior of the real
hain ompound. The simulation proedure started from
plaing the loal easy axes at θ = 75o from the b axis and
its projetion on the a plane at φ = ±45o from a. The
other Hamiltonian parameters used for the simulation
were J = −24 K, D = 160 K, g
‖
= 21 and g⊥ = 4, where
parallel and perpendiular refer to the loal z′i axis. The
ontributions from the two families of hains were then
summed up. In Fig. 3(bottom) we report a simulation of
the quantity M/H , alulated for dierent temperatures
when rotating along X , to be ompared with the mea-
sured dc suseptibility in Fig. 3(top). The suseptibility
presents a maximum along b and a minimum along Z for
T < 8 K, while the trend is reversed for T > 8 K. Thus,
the anisotropy inversion - observed at T = 8.5 K on the
experimental data in Fig. 3(top) - is niely reprodued.
The eld dependene of the magnetization at seleted
temperatures, both for H parallel and perpendiular to
the hain, was simulated using the same Hamiltonian pa-
rameters: see Fig. 4(bottom). The measured overall be-
havior of Fig. 4(top) was reprodued, although a more
quantitative omparison was prevented by the neglet of
the radial ontribution in the adopted model (1).
In partiular, a relationship between the eld at
whih a rapid inrease of the magnetization perpendi-
ular to the hain is observed and the Transfer-Matrix-
omputation parameters an be dedued by simple argu-
ments. Without loss of generality, we assume that spins
are essentially onstrained to be oriented along their lo-
al anisotropy axes at low temperatures and onsider an
applied eld lying on the a plane at φ = +45o from a.
This implies that the Zeeman energy of half of the spins
is frustrated (the S
II
-spin sublattie with the notation of
Appendix A). The ip of suh spins lowers the Zeeman
energy per spin by a fator ∆EZeeman = 2Sg‖µBH sin θ.
On the other hand, the orresponding inrease of the
exhange energy per spin is ∆Eexch = 4S
2|J cos(2θ)|.
The reversal of suh a sublattie is expeted to our
when these two energies are equal, i.e. at the eld
Hflip =
2S|J cos(2θ)|
g
‖
µB sin θ
= 15.25 kOe. These naïve energy
8onsiderations give the orret value for the jump eld
(see Fig. 4(bottom)), the eet of temperature being
solely that of rounding the step in the magnetization
urve.
Under quite general onditions
42
, the orrelation
length ξ of anisotropi, lassial-spin hains behaves
asymptotially at low temperatures as ξ ∼ exp
(
∆Eexch
2kBT
)
.
Consequently, for T ≥ ∆Eexch2kB , both families of spin
hains are expeted to lose their genuine 1D hara-
ter and respond to a eld as independent, anisotropi
paramagneti enters. Again, the order of magnitude of
∆Eexch
2kB
= 10.4 K mathes with the temperature at whih
the anisotropy inversion was observed.
The rotation around the hain axis, b, of the molar sus-
eptibility was also simulated in a strong external eld
(H = 30 kOe), and the ontributions from eah fam-
ily of hains (A and B) are reported in Fig. 6(enter),
along with their sum. A qualitative explanation of the
observed behavior an be obtained by looking in detail
at the eet of the eld when it is applied at dierent
angles in the a plane: see Fig. 6(bottom). When the
eld is along a (or c), it lies at nearly 45o from the easy
axis of both families of hains. Even if a smaller ompo-
nent of the eld (indeed proportional to cos 45o) ats on
the magneti moments, this is still enough to overome
the AF interation. This is for example represented by
the arrows at Angle = 45o in Fig. 6(bottom). Given the
large anisotropy of Dy
3+
in this environment, the mag-
neti moments remain aligned along their easy axis, and
only the weak intrahain AF interation is overome. The
largest magnetization value we an measure is therefore
redued to Msat sin 75
o cos 45o ≈ 39600 emu mol−1, not
too far from the observed value (≈ 37500 emu mol−1).
It is evident that eah hain type gives a ontribution
with a periodiity of 180
o
so that, owing to the aiden-
tal orthogonality between the two families A and B, the
overall periodiity is ≈ 90o.
Finally, in order to simulate the asymmetry in the
height of the major peaks displayed in Fig. 6(top), the
hypothesis of a perfet orthogonality between the proje-
tions of the two hain types, A and B, was released. In
Fig. 7(bottom) the angular variation of χM at seleted
temperatures, alulated assuming an angle φ between a
and the projetion of the loal easy axes in the ac plane
for the A-type hain slightly larger than 45
o
, is reported.
The ne agreement with experimental data (see Fig. 7,
top) proves that the dierent height of the major peaks
at 45
o
and 135
o
an be attributed to non-perfet orthog-
onality. Interestingly, even the minor maxima between
two main maxima are reprodued at suiently low tem-
peratures.
V. CONCLUSIONS
In onlusion, we have performed a thorough ex-
perimental and theoretial investigation to rational-
ize the omplex magneti behavior of the Dy-based
SCM [Dy(hfa)3NIT(C6H4OPh)℄∞. By means of angle-
resolved magnetometry the magneti anisotropy of this
omplex system has been aurately determined and it
has been possible to evidene a peuliar anisotropy-
inversion phenomenon, in whih the easy and hard axes
of the magnetization of the system swap when rising the
temperature. These features ould be fully explained,
with exellent agreement between theory and experi-
ments, using a ombined theoretial approah in whih
the single RE-ion anisotropy is desribed at the quantum-
hemial level while the thermodynami properties of the
whole system of oupled ions are omputed with a lassi-
al spin Hamiltonian. To our knowledge, this is the rst
report of suh a ombined theoretial strategy, whih we
found indeed mandatory to takle the omplexity of some
magneti moleular materials, often haraterized by a
low symmetry environment of the magneti enters. The
rih magneti behavior of [Dy(hfa)3NIT(C6H4OPh)℄∞
was well reprodued by the model alulations that high-
lighted the presene of two sets of non-interating par-
allel hains, with their projetions mutually tilted by
about 90
o
. Aordingly, the metamagneti transition
inside eah symmetry-related family of hains ould be
addressed independently. The ombined approah has
also allowed quantifying the sign, magnitude and role of
NNN interations between Dy
3+
ions. Despite the large
distanes between the RE's (> 8 Å), the overall behav-
ior is atually dominated by this antiferromagneti NNN
exhange pathway, whih gives rise to the very rih mag-
neti behavior observed. The same evidene was previ-
ously reported for isotropi Gd ions. The present nd-
ing shows that NNN are more ommon than believed so
far and may indue a ritial revision of the desription
of the magneti properties of polynulear ompounds.
The present study may thus represent a methodologial
guide line to rationalize the magneti properties of RE-
based SCM's as well as other extremely omplex behav-
iors displayed by moleular materials in general. To the
aim of understanding the dynami behavior of RE-based
SCM's, the obtained information represents a fundamen-
tal, preliminary step; from the knowledge that ompet-
ing NN and NNN interations are present, for instane,
one an reasonably expet the observation of novel dy-
nami regimes. In partiular, we expet the eet of
natural and indued defets to be substantially dierent
than the already known ases in whih only NN inter-
ations are present
12,13,14
. As an example, preliminary
results indiate that, while the ontribution of the rad-
ials to the stati properties is almost negligible, they
atively ontribute to the orrelation length even when
the Dy
3+
ions are partially substituted by diamagneti
ions. In this sense, by doping with diamagneti ions the
ontrolled interation between segments of hains an be
tuned, thus allowing a further form of engineering of the
dynami properties.
9Figure 8: (olor online) Canted ground state of the spins of
a single hain of type A, desribed by Hamiltonian (1). For
eah unit ell l, there are two spins (thik, green arrows, rep-
resenting Dy
3+
ions) that belong to two dierent sublatties,
I and II , with dierent loal axes z′I and z
′
II (thin, dashed
arrows).
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Appendix: TRANSFER MATRIX METHOD
In this Appendix, we briey desribe the transfer ma-
trix method, whih allows the determination, at any
nonzero temperature, of the stati properties of a one-
dimensional model of lassial spins in terms of the eigen-
values and eigenfuntions of a real, positive-denite ma-
trix. Here the method will be applied in the thermody-
nami limit, but it an be reformulated also to treat the
ase of a nite system with open or periodi boundary
onditions.
It is worth notiing that the method is exat: the only
approximation is that the spins are onsidered as lassial
vetors. Sine the method requires an integration over
the unit sphere surfae to be disretized, numerial errors
are signiant only at very low temperatures, where the
integrand presents strong variations over the integration
domain. However, the auray of the method an be
improved at will by using a greater number of integration
points.
Following Pandit and Tannous
41
, we onsider a single
magneti hain with two sublatties, I and II (not to
be onfused with the two families of hains related by
aidental orthogonality, A and B).
To x ideas, let us onsider a single A-type hain: in
the l-th unit ell, there are two spins, SI(l) and SII(l),
haraterized by two dierent loal axes, z
′
I and z
′
II ,
forming equal angles (θI = θII = 75
o
, see Fig. 8) with
the hain axis b and their projetions in the ac plane dif-
fering by 180o (φI = 45
o
, φII = 225
o
) with the a axis.
The Hamiltonian of the hain an be rewritten, as in
Ref. 41, in the form
H =
N∑
l=1
{V1[S
I(l),SII(l)] + V2[S
II(l),SI(l + 1)]} (A.1)
where the total number of spins, in the single A-type
hain onsidered, is 2N beause there are two spins per
eah unit ell (l = 1, · · · , N) . In our ase, V1 and V2
take the forms (α, β = X,Y, Z)
V1[S
I(l),SII(l)] = −JSI(l) · SII(l)
−
D
2
{[SIz′
I
(l)]2 + [SIIz′
II
(l)]2}
−
1
2
µ0
∑
α,β
Hα{g
I
αβS
I
β(l) + g
II
αβS
II
β (l)} (A.2)
V2[S
II(l),SI(l + 1)] = −JSII(l) · SI(l + 1)
−
D
2
{[SIIz′
II
(l)]2 + [SIz′
I
(l + 1)]2}
−
1
2
µ0
∑
α,β
Hα{g
II
αβS
II
β (l) + g
I
αβS
I
β(l + 1)} (A.3)
Clearly, in the previous equations one has to take
into aount that the rystallographi (laboratory) frame
(X,Y, Z) and the loal frame (x′, y′, z′) are related by a
rotation, so that for the I-sublattie one has
SIz′
I
= sin θI cosφIS
I
X + sin θI sinφIS
I
Y
+ cos θIS
I
Z (A.4)
gIXX = g⊥(cos
2 θI cos
2 φI + sin
2 φI)
+ g‖ sin
2 θI cos
2 φI (A.5)
gIXY = (g‖ − g⊥) sin
2 θI cosφI sinφI (A.6)
gIXZ = (g‖ − g⊥) cos θI sin θI cosφI (A.7)
gIY X = g
I
XY (A.8)
gIY Y = g⊥(cos
2 θI sin
2 φI + cos
2 φI)
+ g‖ sin
2 θI sin
2 φI (A.9)
gIY Z = (g‖ − g⊥) cos θI sin θI sinφI (A.10)
gIZX = g
I
XZ (A.11)
gIZY = g
I
XZ (A.12)
gIZZ = g⊥ sin
2 θI + g‖ cos
2 θI (A.13)
and similar equations for the other (II) sublattie.
The partition funtion Z = Tr e−βH an be written as
Z =
∫
dSI(1)
∫
dSII(1) · · ·
∫
dSI(N)
∫
dSII(N)
× e−βV1[S
I(1),SII(1)]e−βV2[S
II(1),SI(2)] · · ·
× e−βV1[S
I(N),SII(N)]e−βV2[S
II(N),SI(1)]
(A.14)
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where periodi boundary onditions, S
I(N +1) = SI(1),
were assumed
41
. A symmetri, positive-denite kernel T
an now be dened
T [SI(l),SI(l + 1)] =
∫
dSII(l)×
e−βV1[S
I(l),SII(l)]e−βV2[S
II(l),SI(l+1)]
(A.15)
Denoting by λn and Ψn[S
I(l)] the eigenvalues and orre-
sponding eigenfuntions of (A.15)
∫
dSI(l + 1) T [SI(l),SI(l + 1)] Ψn[S
I(l + 1)]
= λnΨn[S
I(l)] (A.16)
one has that the largest eigenvalue λ1 is always non-
degenerate, and the eigenfuntions satisfy the two ondi-
tions
T [SI(l),SI(l + 1)] =
∑
n
λn
×Ψ∗n[S
I(l)]Ψn[S
I(l + 1)] (A.17)
∫
dSI(l)Ψ∗n[S
I(l)]Ψm[S
I(l)] = δn,m (A.18)
of ompleteness and orthonormality, respetively. Now,
using rst (A.17) to expand the kernel (A.15), and then
exploiting (A.18), the partition funtion Z an be rewrit-
ten as
Z =
∫
dSI(1)
∫
dSI(2) · · ·
∫
dSI(N)×
T [SI(1),SI(2)]T [SI(2),SI(3)] · · · T [SI(N),SI(1)]
=
∞∑
n=1
(λn)
N → λN1 (A.19)
where the largest eigenvalue λ1 dominates in the thermo-
dynami limit N → ∞. Using a similar proedure, the
rystallographi omponents (α = X,Y, Z) of the mag-
netization per site on the I-sublattie an be expressed,
for N →∞, as
〈SIα〉 =
∫
dSIΨ∗1(S
I)SIαΨ1(S
I) (A.20)
In order to alulate the same quantities on the other
(II) sublattie of the single (A-type) hain onsidered,
one denes another symmetri, positive-denite kernel U
and another integral equation, respetively
U [SII(l),SII(l + 1)] =
∫
dSI(l + 1)
×e−βV2[S
II (l),SI(l+1)]e−βV1[S
I(l+1),SII (l+1)]
(A.21)
∫
dSII(l)Φn[S
II(l)] U [SII(l),SII(l + 1)]
=λnΦn[S
II(l + 1)] (A.22)
Notie that the eigenvalues of (A.22) and (A.16) are
equal, so that the partition funtion Z is the same, while
the eigenfuntions are dierent. Similarly to Eq. (A.20),
the rystallographi omponents (α = X,Y, Z) of the
magnetization per site on the II-sublattie an be ex-
pressed, in the thermodynami limit, as
〈SIIα 〉 =
∫
dSIIΦ∗1(S
II)SIIα Φ1(S
II) (A.23)
For small applied elds, the rystallographi omponents
(α = X,Y, Z) of the molar suseptibility χαM for the
single (A-type) hain onsidered are then obtained from
(A.20) and (A.23) as
χαM =
1
2
N0µ0
1
Hα
∑
β
(
gIαβ〈S
I
β〉+ g
II
αβ〈S
II
β 〉
)
(A.24)
where N0 is Avogadro's number.
The total suseptibility, to be ompared with experimen-
tal data, is then obtained by repeating the alulation for
a hain belonging to the other family
43
, i.e. B (related
to A by aidental orthogonality), and then averaging
over the two ontributions.
As regards the details of numerial alulations, fol-
lowing Pandit and Tannous
41
, the integrals over the
surfae of a sphere in (A.16) and (A.22) were approx-
imated by using MLaren's 72-points, 14th-degree for-
mula. Thus, the eigenvalues and eigenfuntions of the
two integral equations (A.16) and (A.22) were obtained
solving a (72×72)-matrix eigenvalue problem by standard
numerial methods
44
. Beause of disretization, errors
are signiant only at very low temperatures, where the
integrands in (A.16) and (A.22) present strong variations
over the integration domains. However, the auray of
the method an be improved by using a greater number
of integration points.
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